Cyclic hexapeptides represent a class of compounds with important, diverse biological activities. We report herein that the antibody 16G3 catalyzes the cyclization of D-Trp-Gly-Pal-Pro-Gly-Phe⅐p-nitrophenyl ester (8a) to give c-(D-Trp-Gly-Pal-Pro-Gly-L-Phe) (11a). The antibody does not, however, catalyze either epimerization or hydrolysis. The resulting rate enhancement of the cyclization by 16G3 (22-fold) was sufficient to form the desired product in greater than 90% yield. In absolute rate terms, the turnover of 16G3 is estimated to be 2 min ؊1 . The background rate of epimerization of 8a was reduced from 10 to 1% and hydrolysis from 50 to 4% in the presence of 16G3. As expected, the catalytic effects of 16G3 were blocked by the addition of an amount of the hapten equal to twice the antibody concentration. We also synthesized three diaste- 
S
everal years ago, we undertook the generation of antibodies to catalyze peptide bond formation in part because manmade catalysts of peptide bond formation had not been described (1) . We were also intrigued by the contrast between medicinal chemistry and antibody design. Generally, the former seeks by design or screening to discover small molecules that interact with macromolecules such as enzymes or receptors leading to enzyme inhibitors or to hormone͞neurotransmitter agonists͞antagonists. In contrast, catalytic antibody research involves the synthesis of haptens, designed to generate novel macromolecules (antibodies), which in turn are capable of catalyzing predetermined chemical reactions.
The Design of Hapten 1a: Novel Chemistry and the Generation of
Antibody 16G3 for Bimolecular Peptide Bond Formation. We reported the synthesis of hapten 1a (Fig. 1 ), designed to induce the formation of antibodies capable of catalyzing the formation of dipeptides of the general structure acetyl-XXX-D-Trp⅐NH 2, wherein XXX represents hydrophobic L-amino acids typified by L-Phe (1) . This endeavor generated antibody 16G3, which gave rate enhancements on the order of 2 ϫ 10 4 over the background reaction with pleasingly high turnover rates (Ϸ2 min Ϫ1 ). Our study of the kinetics implicated a sequential mechanism with no preferred order of substrate binding and no evidence for acylation of the antibody by the ester before peptide bond formation. Antibody 16G3 did not, however, catalyze either the hydrolysis or racemization of the active ester. The generation of antibodies that catalyze nonsolvolytic bimolecular bond formation is a greater challenge than the production of antibodies designed to catalyze solvolysis because an important requirement for the former is to prevent hydrolysis. The acylating agents employed in these coupling reactions were the p-nitrophenyl esters of acetyl-XXX. Although the hapten had been designed to generate antibodies that can catalyze the formation only of dipeptides, we subsequently found that antibody 16G3 also catalyzes the coupling of the p-nitrophenyl ester of N-acetyl-LPhe with D-Trp-Gly⅐NH 2 and the p-nitrophenyl ester of N-acetylGly-L-Phe with D-Trp-Gly⅐NH 2 to afford the corresponding triand tetrapeptides, respectively (2) . Further, hapten 1a was designed so that 16G3 would catalyze the coupling of the activated ester only with the ␣-amino group of the nucleophile. Indeed, 16G3 catalyzed the coupling of the p-nitrophenyl ester of N-acetyl-L-Phe with the bisnucleophilic D-Trp-␣,␤-diaminopropionic acid amide only at the ␣-amino group, whereas the uncatalyzed reaction provided the ␣-and ␤-coupled products in equal amounts (2) . This selectivity holds the promise that -amino groups of lysine will not have to be protected and lends credence to the rationale of the hapten design. As required by the design, the hapten inhibited catalysis at concentrations equal to twice that of the antibody. Initially, we interpreted the failure of 16G3 to catalyze the coupling of the p-nitrophenyl ester of N-acetyl-Phe with D-Trp-L-Lys⅐NH 2 to mean that the hapten sculpted a pocket that could accommodate D-Trp-␣,␤-diaminopropionic acid amide but not the larger D-Trp-LLys⅐NH 2 . Recently, molecular modeling has suggested a different interpretation of these results (see below).
At the outset, we had sought unsuccessfully to prepare hapten 1b (Fig. 1) . In the course of the unsuccessful attempts to prepare 1b and the successful synthesis of 1a, we discovered a novel class of phosphonylating agents typified by the triethylammonium salt 2b, which proved superior to the phosphonyl chloride 2a (Fig. 1) for the preparation of both phosphonates and phosphonamides (3) . Nevertheless, 2b, like its phosphonyl chloride counterpart (2a), failed to generate 1b, presumably because of a combination of electronic and steric factors (3) . In an important paper, Greenhalg (4) showed that the more positively charged the phosphorus atom of the phosphonylating agent, the more phosphonate ester formation is favored over phosphonamide formation. Subsequently, we showed (3) that steric factors are also important in this regard. Thus, steric crowding in the attempted coupling of 2b with D-Trp⅐NH 2 prevents formation of the PON bond of 1b whereas the stronger POO bond of 1a provides the energy required to overcome the energy necessary for both the charge transfer and the steric crowding in the transition state. These considerations now lead us to question whether 1b can in fact exist and to suspect that 1b would collapse to generate a phosphinate (4).
During our synthesis of 1a, we also devised a versatile protocol for the construction of highly enantioenriched ␣-amino phosphonate diesters (5, 6) . Addition of lithium diethyl phosphite to the chiral chelating imine derived from cyclohexanecarboxaldehyde and the chiral auxiliary (R)-(-)-1-amino-1-phenyl-2-methoxyethane (3) after hydrogenolysis generated the ␣-amino phosphonate diester (i.e., 7) required for the synthesis of 1a (Scheme 1). Thus, catalytic antibody research can also contribute to synthetic organic chemistry and enzymology.
Unexpectedly, 16G3 revealed no strong substrate preferences vis-à-vis the stereogenicity at the ␣ centers. ¶ These findings were rationalized (2) by the fact that the antibody was programmed to provide binding pockets for the nitroaryl group, the indole ring, and a variety of hydrophobic ␣-carbon side chains of the reactants. The sterically smaller C-terminal carboxamide, the N-terminal acetamide, and the ␣-protons are likely to be readily accommodated independent of their relative configurations, explaining why the catalysis is not substrate-selective (Fig. 2) .
The Synthesis of Enantiomerically Pure Hexapeptide Active Esters and
Authentic Cyclic Specimens. Given the general access of antibodyantigen complexes to external reagents, we reasoned that 16G3 might also catalyze an intramolecular reaction, if a Phe pnitrophenyl ester electrophile and a Trp nucleophile were at the respective C-and N-terminal ends of a linear peptide. We envisioned that the chain connecting the donor͞acceptor termini would loop outside the active site (Fig. 3) .
We predicted that, if 16G3 can catalyze cyclizations, the yield of such cyclizations should be highest for that substrate in which the stereochemistry at the C and N termini corresponds to that of the hapten. Furthermore, these cyclizations might be more substrate selective because of the steric constraints imposed by having all binding epitopes in a single molecule. Herein, we report the testing of these surmises.
Our initial target for cyclization, D-Trp-Gly-Phe-Pro-GlyPhe⅐p-nitrophenyl ester, proved too insoluble in the pH 7.0 Mops buffer (2) . We therefore constructed the more soluble analog 8a in which Phe 3 is replaced by 3-pyridylalanine (Pal) (Scheme 2).
We also prepared the three isomers diastereomeric at the C and N termini (8b-d). Conversion of the diastereomerically pure N-Boc protected hexapeptide free acids to their p-nitrophenyl ¶ The S-configuration at the phosphonate center of the hapten was assigned based on an x-ray crystal structure of the p-bromobenzoyl derivative. esters by treatment with p-nitrophenol in the presence of Nethyl-NЈ-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and 4-dimethylaminopyridine (DMAP) (the method that we had successfully employed in the preparation of enantiomerically pure Ac-Gly-L-Phe⅐p-nitrophenyl ester) was accompanied by epimerization at the C terminus.
ʈ However, the ''backing-off'' strategy, first described by Goodman (7), afforded the desired diastereomerically pure hexapeptide active esters via coupling of a mixed anhydride of the C-terminal glycine pentapeptide 9a** with the p-nitrophenyl esters of L-and D-Phe (10a and 10b, respectively) (Scheme 2). † † Authentic samples of the diastereomerically pure c-hexapeptides c-(D-Trp-Gly-Pal-Pro-Gly-Phe) (11a) and the D-Phe diastereomer (11b) were prepared from the corresponding linear hexapeptide free acids by using our previously reported protocol [i.e., diphenyl phosphoryl azide (DPPA), NaHCO 3 , N,N-dimethylformamide (DMF) with vigorous exclusion of moisture] (8). Table 1 demonstrate that, as expected, antibody 16G3 displayed a marked preference for diastereomer 8a, in which the C-and N-terminal amino acids have the L-and D-configurations, respectively. At an assay time of 6 min, essentially all of 8a was converted to the cyclic peptide 11a. In absolute rate terms, the turnover of 16G3 with 8a (assuming saturation of 16G3 at 10 M) is estimated at 2 min Ϫ1 , ‡ ‡ so that 2 M of cyclic product is formed per 1 M of antibody active sites per minute. This relatively high velocity is attributable to the intrinsic reactivity of the ester substrate. The marked improvement in the yield of the desired product is attributable to the fact that the catalytic antibody acts as a template to channel the activated linear peptide ester into formation of the desired cyclic product, without catalyzing background epimerization or hydrolysis. Thus, the modest increase in the rate of cyclization (Ϸ22-fold) is sufficient to form the cyclic product in Ͼ90% yield. As expected, the catalytic effects of 16G3 are completely blocked by the hapten. Although we were able to predict that rate enhancement should be optimal for 8a, the effect of 16G3 on the rate enhancement of the remaining three diastereomers was more difficult to predict. Modeling studies (see below) showed that the antibody cannot optimally accommodate the side chains without generating trajectories for the termini, which are less than optimal. As shown in Table 1 , the L-Trp, D-Phe isomer (8d) gave a rate enhancement of 5.7, whereas the effects on 8b and 8c were negligible, indicating that, for these latter compounds, there is no acceptable compromise between binding of the side chains and the trajectories of the amino groups and the active esters. A different binding mode must, however, also be considered wherein the Trp and Phe side chains occupy each others pockets. As shown below, this interchange does not occur. To this end, we synthesized two additional linear hexapeptides in which the optimal stereochemistry is retained at both the C and N termini, and in which either Trp or Phe is present at both ends (i.e., 12 and 13, respectively). As shown in Table 1 , the D-Trp, L-Trp activated ester revealed a rate enhancement comparable to that of 8d whereas the D-Phe, L-Phe activated ester showed no rate enhancement in the presence of 16G3. The enantiomer 8d is likewise cyclized to the corresponding cyclic peptide (11d) at a rate of Ϸ5.7-fold over the spontaneous rate, which is sufficient to provide 11d as the major product (Ͼ90%). Again, the catalysis proceeds without epimerization. For the two additional diastereomeric hexapeptides D-Trp, D-Phe (8b) and L-Trp, L-Phe (8c), the rate of antibody-catalyzed reaction is only slightly above background (1.4-and 1.7-fold, respectively); these substrates are thus either weakly bound or are not bound in a reactive conformation for ring closure. We point out that the lack of selectivity in substrate recognition is not a shortcoming, because cyclization does not generate a new stereogenic center. Stereochemical integrity of the cyclic peptide product derives from the linear active ester and from the fact that the antibody does not catalyze epimerization; only cyclization occurs. Indeed, the lack of selectivity enhances the scope of the reaction. To be sure, exquisite selectivity is one of the characteristics of enzymes, although this is not always the case even for enzymes (10).
16G3 Catalyzed Cyclizations. The results summarized in
Molecular Modeling. To investigate the structural basis for 16G3 catalysis in more detail, a model of the variable domain of 16G3 was constructed, using the antibody structural database (11) as a guide (see the supplemental data on the PNAS web site, www.pnas.org). Because of strong structural conservation, the antibody variable domain may be the most accurate to model of all proteins. Of the six loops [called complementarity determining regions (CDRs)] forming the antigen-binding site, five adopt specific conformations depending on their sequence (12) . Although the third CDR of the heavy chain, CDR H3, shows substantial variation in length and structure among antibodies, the structure at the N-and C-terminal ʈ We attribute the difference to the lower solubility of 8a and 8b compared with that of Ac-Gly-Phe. At lower concentrations, the p-nitrophenylation of the latter, too, afforded the racemized active ester, presumably because at lower concentrations the rate of racemization competes effectively with the slower rate of the coupling reaction. regions of CDR H3 is usually well defined (13, 14) , making only the top of the loop difficult to predict. High-resolution antibody structures having high sequence identity to 16G3 were used as the structural templates to build the 16G3 variable domain. Only the top of the 16G3 CDR H3 loop lacked a template; this loop was constructed by computer graphics. The hapten and substrate were docked into the 16G3 antibody model. A model of the hapten built with computer graphics was energy minimized to relax bond and valence angles, and was fit into the binding site of 16G3 while adjusting flexible torsion angles. The final complex (Fig. 4) was obtained after energy minimization. The p-nitrobenzyl group lies in a well defined pocket at the bottom of the antigen-binding site (Fig. 5) , close to the position found for the p-nitrobenzyl group in the crystallographic structure of the catalytic antibody 28B4 complexed with hapten (15) . This places the phosphonate group at the bottom of the antigen-binding pocket, in a position similar to that found for related haptens bound to esterolytic antibodies (16). The hexapeptide substrate was then built and docked in the antibody by simultaneous superposition of the D-Trp indole ring and p-nitrophenyl group onto the corresponding positions of the docked hapten. Energy minimization provided the final model of 16G3 with docked hexapeptide substrate (see Fig. 7 ).
Molecular modeling (Fig. 5 ) reveals the p-nitrobenzyl group of the hapten to be deeply embedded in the antibody 16G3, in a pocket that serves as the anchor for binding of both the hapten and the electrophiles. Not unexpectedly, modeling also suggests (see Fig. 7 ) that the active esters of the acylating agents do not penetrate the pocket as deeply as the hapten. The modeling studies thus provide support for our surmise that the pleasingly favorable turnover numbers and low product inhibition observed in the 16G3-catalyzed formation of dipeptides may be the result of the fact that the p-nitrophenyl group is bound tightly by the pocket sculpted by the p-nitrobenzyl ester of the hapten but, because it lacks a methylene group, not so tightly to lead to extensive product inhibition. § § Thus, as we suggested earlier (2), reasonable binding of the substrates is required for good catalysis; a perfect fit is likely to cause unwanted product inhibition. That we achieved a favorable balance is the result partly of design and partly of serendipity. The design of the hapten differed from the conventional protocol, which seeks to maximize the overlap of the hapten with the transition state of the reactants. As we pointed out (2), the cyclohexyl side chain in 1a does not match perfectly the side chains of any of the electrophiles employed by us so far. This tactic should further reduce product inhibition. In addition, we believe that we were fortunate in that the hapten was designed to generate a pocket to accommodate the pnitrobenzyl esters of the electrophile (2). These esters proved to be insufficiently reactive to result in 16G3-induced catalysis. Switching from p-nitrobenzyl to p-nitrophenyl esters served to overcome the reactivity problem and, as discussed above, also reduced product inhibition. § § Tawfik et al. (17) subsequently reported p-nitrophenyl ester hydrolytic antibodies elicited by a p-nitrobenzyl phosphonate hapten. In this context, the results reported at about the same time by Jacobsen and Schultz are of interest (18) . They sought to catalyze dipeptide formation using antibody 9B5.1 and benzyl esters of amino acids as electrophiles. The Ab was sculpted by a hapten containing a benzyl ester. As in the case of our p-nitrobenzyl esters, no catalysis was observed. Jacobsen and Schultz therefore turned to the more reactive azides as the acylating agents, just as we turned to p-nitrophenyl esters. Not unexpectedly, the binding affinity of the azides for the pocket sculpted by the benzyl esters was poor (K m ϭ 15 M), leading to poor catalysis (efficiency of 10 2 rather than the reported 10 4 ) (18) . Thus, we believe that haptens must be designed to generate binding pockets that strike a balance between very tight binding and weak binding of the transition state, because excessive binding will induce poor turnover numbers, and very weak binding leads to minimal catalysis.
The 16G3 model suggests a second reason why the product p-nitrophenolate anion does not inhibit catalysis. Asp H50 lines one side of the p-nitrophenyl binding pocket ( (Fig. 6) . Thus, our initial interpretation (see above) that the larger, lysine-containing bisnucleophile is not tolerated by 16G3 is probably not valid.
It is noteworthy that 16G3 catalyzed the cyclization of 12 but failed to catalyze the cyclization of 13 ( Table 1 ). The data suggest that L-Trp is accommodated by the pocket sculpted for the smaller L-Phe, but D-Phe is not bound by the pocket sculpted for the larger D-Trp. The model shows the D-Trp pocket to be very shallow (Fig. 7) , and this would explain, therefore, why it does not bind the smaller D-Phe whereas the smaller pocket sculpted for L-Phe is sufficiently plastic to accommodate L-Trp. In other words, the D-Trp pocket is too large to allow tight binding of D-Phe. These results are consistent with our initial design because a binding pocket was sculpted specifically for the Trp side chain and another that could accommodate a variety of hydrophobic amino acid side chains. Fig. 7 provides an additional rationalization for this result. If Tyr H97 comprises the binding site for the D-Trp of 12, the D-Phe of 13 may actually be too small to make contact with Tyr H97. As mentioned above, exchange of pockets does not occur. This illustrates that the fields of medicinal chemistry and catalytic antibody research can complement each other. Discussion. The results described herein have shown that antibodies programmed to bind specific side chains can catalyze the synthesis of small cyclic peptides under mild conditions. This represents another interesting difference between enzymes and catalytic antibodies. For example, enzyme-derived subtiligases can effect cyclization only if the linear peptide precursor contains more than 12 amino acids (19) , whereas 16G3 can cyclize hexapeptides. It is also interesting that proteases similarly do not cleave small cyclic peptides, such as c-hexapeptides (cf. MK-678) (20) .
Based on our experience with bimolecular coupling catalysis, -amino side chain protection will not be required. We expected that the size and components of the linear peptide should not be a limitation for antibody catalysis because antibodies can be tailor-made to recognize those particular side chains that are involved in the ring closure, and, apparently, the remaining peptide chain lies off the antibody surface during cyclization. The scope of such cyclization reactions remains to be determined experimentally.
Finally, we never intended our catalytic antibodies to equal enzymes in specificity or extent of catalysis. Nature's enzymes evolved over a very long period of time. Thus, comparing the relative rate enhancements of enzymes and of catalytic antibodies is not a particularly fruitful endeavor. We believe, however, that studies such as those reported herein, in our earlier papers, and by others (for comprehensive reviews, see refs. 21-24) have contributed in a small way to defining the factors that influence the interaction of small molecules with proteins. In this sense, such research has relevance to medicinal chemistry. In addition, work that we described previously has generated novel phosphonate chemistry, a subject matter of considerable importance in its own right. That catalytic antibody research, first conceived by Jencks (25) and pioneered by Lerner and colleagues (26) and by Schultz and colleagues (27) , has achieved some degree of success is, we believe, quite remarkable. That Benkovic could explain the experimental results on the basis of the principles of 
